Age-related hearing loss is a frequent disability in older adults and nutrition could play a role in the development of this condition. Carbohydrate nutrition [including dietary glycemic index (GI) and load (GL)] may be linked to hearing loss. We aimed to determine the association between carbohydrate nutrition (including mean dietary GI and GL, and the dietary intakes of carbohydrate and sugar), starch, cereal and total fiber, and age-related hearing loss. The Blue Mountains Hearing Study is a population-based survey of age-related hearing loss (1997-1999 to 2002-2004). Hearing loss was measured in 2956 participants (aged $50 y) and was defined as the pure-tone average of frequencies 0.5, 1.0, 2.0, and 4.0 kHz . 25 dB hearing level. Dietary data were collected in a semiquantitative FFQ. A purpose-built database based on Australian GI values was used to calculate the mean GI. A higher mean dietary GI was associated with an increased prevalence of any hearing loss, comparing quintiles 1 (lowest) and 5 (highest), [multivariable-adjusted odds ratio = 1.41 (95% CI = 1.01-1.97)]. Participants in the highest quartile of mean dietary GL intake compared with those in the lowest quartile had a 76% greater risk of developing incident hearing loss (P-trend = 0.04). Higher carbohydrate and sugar intakes were associated with incident hearing loss (P-trend = 0.03 and P-trend = 0.05, respectively). In summary, a high-GL diet was a predictor of incident hearing loss, as was higher intake of total carbohydrate. Hence, high postprandial glycemia might be a potential underlying biological mechanism in the development of age-related hearing loss.
Introduction
Age-related hearing loss (presbycusis) is a frequent and underrecognized health problem in the older population (1) . Aside from biological degeneration resulting from the aging process itself, genetic risk factors, exposure to noise or toxic substances, and the occurrence of certain diseases may predispose individuals to age-related hearing loss (2) . Although several crosssectional studies have evaluated links between a limited number of risk factors and prevalent hearing loss, there is a paucity of longitudinal data on potential modifiable risk factors for hearing loss (3) .
It has been suggested that nutrition could play a role in the development of age-related hearing loss (4, 5) . The importance of a nutritional-auditory relationship is potentially important, because dietary intake represents a modifiable factor that might prevent or delay hearing loss (3) . Dietary glycemic index (GI) 9 is commonly used to characterize the postprandial blood glucose response to the consumption of carbohydrates, i.e. a measure of carbohydrate quality (6, 7) . GI ranks carbohydrates according to their effects on blood glucose (8) . Glycemic load (GL) is the product of a food's GI and total available carbohydrate content and represents both the quantity and quality of carbohydrates (9, 10) . High-GI and -GL diets have been shown to have adverse metabolic effects (9, 10) . Further, diets with a high GI are associated with an increased risk of coronary heart disease, stroke, and type 2 diabetes (11) (12) (13) . Cardiovascular disease (CVD) has been proposed as a potential risk factor for agerelated hearing loss, and a few studies have analyzed the association between cardiovascular-related potential risk factors and hearing capacity, including hypertension, diabetes mellitus, smoking history, and heart disease (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Hence, it is reasonable to hypothesize that diets with high GI, GL, and/or carbohydrate intake could also increase the risk of developing age-related hearing loss.
To our best knowledge, no population-based study has prospectively evaluated the association between dietary GI, GL, carbohydrates, cereal fiber and total fiber, and age-related hearing loss. Hence, the aims of our study were to determine whether any cross-sectional and longitudinal relationships exist between carbohydrate nutrition (including mean dietary GI and GL and the dietary intakes of carbohydrate and sugars), starch, cereal and total fiber, and age-related hearing loss in a large, representative cohort of adults aged $50 y.
Methods
Study population. The Blue Mountains Hearing Study was a populationbased survey of age-related hearing loss conducted during the years 1997-2004 among participants of the Blue Mountains Eye Study (BMES) cohort (24) . During 1992-1994, 3654 participants 49 y or older were examined (82.4% participation; BMES-1). Surviving baseline participants were invited to attend 5-y follow-up examinations (1997-1999, BMES-2), at which 2334 (75.1% of survivors) and an additional 1174 newly eligible residents were examined, i.e. those who had moved into the study area or study age group (extension study). At the 10-y follow-up (2002-2004, BMES-3), 1952 participants (75.6% of BMES-1 survivors) were reexamined, respectively. Hearing was measured at BMES-2 and BMES-3, i.e. in BMES-2, 2956 participants aged $50 y had audiometric testing performed. The study was approved by the Human Research Ethics Committee of the University of Sydney and was conducted adhering to the tenets of the Helsinki Declaration. Signed informed consent was obtained from all the participants at each examination.
Collection of demographic and clinical information. At face-to-face interviews with trained interviewers, a comprehensive medical history that included information about hearing, demographic factors, socioeconomic characteristics, and lifestyle factors was obtained from all participants. Presence of physician-diagnosed stroke was also assessed. Diabetes was defined either by history or from fasting blood glucose $ 7.0 mmol/L. Dietary data. Dietary data were collected using a 145-item selfadministered FFQ modified for Australian diet and vernacular from an early Willett FFQ (25) and including reference portion sizes. Participants used a 9-category frequency scale to indicate the usual frequency of consuming individual food items during the past year. This FFQ included questions about the types of breakfast cereals consumed, which were used to increase the accuracy of the GI calculations. The FFQ showed reasonable agreement for carbohydrates and GI, yielding correlation coefficients of 0.55 and 0.57, respectively, and correctly classifying nearly 80% of participants within 1 quintile for carbohydrate intake and 74% participants within 1 quintile for GI in a subset of participants who had completed 12 d of weighed food records over 3 seasons (8, 26) .
A dietitian coded data from the FFQ into a customized database with the use of DBASE IV (Borland International). This incorporated the Australian Tables of Food Composition 1990 (NUTTAB 90) (27) and published GI values with the scale of glucose = 100 (27) . Additional GI data were obtained from the Sydney University GI Research Service online database (28). In total, 88.9% of GI values were obtained from published values and 11.1% were interpolated from similar food items.
An overall GI value for each participant's diet was calculated by summating the weighted GI of individual foods in the diet. The weighting was proportional to the contribution of individual foods to total carbohydrate intake. The GL of each food was calculated by multiplying its GI by the amount of available carbohydrate (in grams) per serving. Multiplication of each food's GL by frequency of consumption, summated for all food items, gave the overall dietary GL. We also calculated data on total fiber intake as well as the fiber contribution from cereals, vegetables, and fruits.
Audiological examination. Pure-tone audiometry at both visits was performed by audiologists in sound-treated booths, using standard TDH-39 earphones and Madsen OB822 audiometers (Madsen Electronics), calibrated regularly to Australian standards. Audiometric thresholds for air-conduction stimuli in both ears were established for frequencies at 250, 500, 1000, 2000, 4000, 6000, and 8000 Hz. Bone conduction was evaluated whenever air conduction thresholds were .15-dB hearing level (dB HL) at 4 frequencies (500, 1000, 2000, and 4000 Hz). We determined hearing impairment as the pure-tone average of audiometric hearing thresholds at 500, 1000, 2000, and 4000 Hz (PTA 0.5-4KHz ), defining any level of hearing loss as PTA 0.5-4KHz . 25 dB HL in the better of the 2 ears. This defined hearing loss as bilateral. Mild hearing loss was defined as PTA 0.5-4KHz 2640 dB HL and moderate to severe hearing loss was defined as PTA 0.5-4KHz . 40 dB HL, both in the better ear.
A person was considered at risk for incident bilateral hearing loss during the 5-y period if the PTA 0.5-4KHz in the better ear was #25 dB HL at baseline. Incident bilateral hearing loss was defined as a PTA 0.5-4KHz . 25 dB HL in the better ear at the 5-y follow-up examination among participants without hearing loss at baseline.
Statistical analysis. SAS statistical software (SAS Institute) version 9.1 was used for analyses including t tests, x 2 -tests, and logistic regression. The association between overall GI and GL and the dietary intakes of carbohydrates, sugars, cereal fiber, total fiber, and presbycusis were examined in logistic regression models, adjusting first for age and sex, and then further adjusting for confounders that were significantly associated with the prevalence (i.e. education, smoking, previous history of diagnosed stroke and diabetes, family history of hearing loss, and exposure to noise at work) and incidence (i.e. family history of hearing loss and exposure to noise at work) of hearing loss in our older cohort. A final model further adjusted for cereal fiber when the study factor was GI/ GL, carbohydrate, or sugar. Dietary intakes were divided into quartiles or quintiles for GI, GL, carbohydrates, sugars, and fiber and were energy adjusted using the residual method described by Willett and Stampfer (29) . The logistic regression analyses are expressed as adjusted odds ratios (OR) with 95% CI. Statistical significance was defined as P , 0.05.
Results
Among the 2334 surviving baseline participants and the 1174 newly eligible residents examined at BMES-2, 2005 and 961 participants had complete dietary data, respectively (a total of 2966). Of these, we excluded 426 with incomplete audiological data and 92 participants with audiometric evidence of conductive hearing loss or those who reported hearing loss from birth or gave a history of otosclerosis. Thus, there were 2448 participants available for analyses of prevalence data. Of these, 785 (32.1%) had hearing loss and 1663 (67.9%) had no hearing loss. The characteristics of the population are shown by GI quintiles in Table 1 . Male sex, educational level, exposure to noise at work, smoking status, and consumption of vegetables, fruits, cereal and total fiber, carbohydrates, sugar, and starch differed across these quintiles. The mean pure-tone averages of audiometric hearing thresholds for the 4 frequencies at baseline and at the 5-y follow-up were 24.5 6 15.9 and 28.3 6 16.4, respectively. Hence, there was a significant change of 3.7 dB HL in hearing over the 5-y follow-up period (P , 0.0001).
Participants in the highest quintile of mean dietary GI consumption had the highest likelihood of prevalent hearing loss, after adjusting for education, smoking, previous history of diagnosed stroke and diabetes, family history of hearing loss, and exposure to noise at work [OR = 1.41 (95% CI = 1.01-1.97)] ( Table 2) . However, after further adjustment for cereal fiber, this association was not significant [OR = 1.34 (95% CI = 0.95-1.88)]. The highest quintile compared with the lowest quintile of mean dietary GI was significantly associated with a 57% greater likelihood of having mild hearing loss (Table 2) . However, this association also did not persist after additional adjustment for cereal fiber [OR = 1.26 (95% CI = 0.95-1.68)]. Mean dietary GL, carbohydrate, starch, and fiber intake were not associated with prevalent hearing loss in the age-sex-adjusted model or the multivariate-adjusted model (data not shown).
We also explored the joint effects of dietary GI and cereal fiber on the prevalence of hearing loss. The group with a less healthy diet in both categories (n = 84, 28.7%), i.e. those in the highest tertile of GI and the lowest tertile of cereal fiber, had a 70% increased likelihood of having mild hearing loss (26-40 dB HL) [multivariable-adjusted OR = 1.70 (95% CI = 1.07-2.69)]. Significant associations with any (.25 dB HL) or moderate to severe (.40 dB HL) hearing loss were not observed, but these associations reflected relatively small numbers for both any and moderate to severe hearing loss.
Because prevalent hearing loss is strongly age related, we conducted further analyses after age stratification (,70 and $70 y). Significant associations were not observed in the younger age group. For example, subjects aged ,70 y in the highest quintile of dietary GI intake had a nonsignificantly increased odds of 2 The GI and cereal fiber were energy adjusted. 3 Adjusted for age and sex. 4 Additional adjustment for education, exposure to noisy work environment, family history of hearing loss, smoking, history of stroke, and history of diabetes.
Glycemic index, glycemic load, and hearing loss 2209 having prevalent hearing loss compared with those in the lowest quintile of intake [multivariable-adjusted OR = 1.04 (95% CI = 0.63-1.70)]. Similarly, mean GI was not associated with the prevalence of mild hearing loss, comparing the highest to the lowest quintiles of GI intake [multivariable-adjusted OR = 1.26 (95% CI = 0.73-2. 19) ]. However, in persons aged $70 y, even after adjustment for cereal fiber, those in the highest quintile of mean dietary GI had 67% greater odds of having any level of hearing loss (P-trend = 0.02; Table 3 ). These odds increased slightly when the association with moderate to severe hearing loss (.40 dB HL) was examined [multivariate-adjusted OR = 1.72 (95% CI = 1.03-2.87)]. For the analyses of new hearing loss (incidence), there were 798 surviving BMES-1 participants (not including the extension study) with complete audiological and nutrition data who were followed at the 5-y examination. Of these, 141 (17.7%) participants had incident or new hearing loss. Those in the highest quartile of carbohydrate consumption compared with those in the lowest quartile had a 77% increased risk of incident agerelated hearing loss (P-trend = 0.03). This association became marginally nonsignificant after further adjustment for cereal fiber (P-trend = 0.06). Participants in the highest quartile of dietary GL had a 76% (P-trend = 0.04) increased risk of developing incident hearing loss ( Table 4 ). Participants in the lowest quartile of sugar consumption compared with those in the highest quartile had a 56% reduced risk of developing hearing loss (P-trend = 0.04). This association persisted after further multivariable adjustment (P-trend = 0.05). Significant associations were not found between GI, starch, cereal fiber and total fiber consumption, and the mean intake of breads and cereals and the 5-y incidence of hearing loss (data not shown).
Incidence analyses were also stratified by age group. Participants aged ,70 y (n = 76, 12.5%) in the lowest quartile of sugar intake compared with those in the highest quartile had a 72% reduced risk for hearing loss [OR = 0.28 (95% CI = 0.11-0.70)] after adjusting for sex, exposure to noisy work environment, family history of hearing loss, and cereal fiber consumption. Similarly, participants aged ,70 y in the lowest quartile of carbohydrate consumption had a lower likelihood of developing hearing loss compared with those in the highest quartile [multivariate adjusted OR = 0.38 (95% CI = 0.17-0.87)]. However, significant associations were not observed in the older age group ($70 y). For example, sugar intake was not associated with incident hearing loss comparing the lowest to the highest quartile of sugar intake [multivariable-adjusted OR = 0.58 (95% CI = 0.23-1.44)] (data not shown).
Discussion
Diet may be one of few potentially modifiable risk factors for age-related hearing loss. To our knowledge, this is the first prospective study to examine the association between carbohydrate nutrition and age-related hearing loss. In this large cohort of older adults, the higher GI of foods consumed was associated with an increased prevalence of hearing loss. By contrast, increased dietary intake of cereal fiber was associated with a reduced likelihood of prevalent hearing loss. The 5-y incidence of hearing loss was predicted by a high-GL diet and higher total carbohydrate and sugar intakes at baseline, independent of other potential confounders. Conversely, dietary GI had little or no influence on the incidence of age-related hearing loss in older adults.
A diet with high GL at baseline increased the risk of developing age-related hearing loss by 76% among older adults. Although the underlying biological mechanisms for our finding remain to be elucidated, high dietary GL induces hyperglycemia and hyperinsulinemia (30) , which can lead to diabetes, hypertension, and/or dyslipidemia in susceptible individuals (30) (31) (32) (33) . A recent study of 47,749 Italians showed that high dietary GL and carbohydrate intake increased the overall risk of coronary heart disease (34) . Further, data from prospective studies show that low-GL diets can lower CVD risk factors in healthy individuals (31, 35) . CVD and its risk factors, including diabetes, could cause disruption to the cochlear blood flow, and thus may be considered potential etiological contributors to age-related hearing loss (36) . Indeed, previous studies including our own have demonstrated a link between hearing and diabetes mellitus (37), stroke (38) , and vascular risk factors such as high blood pressure and serum lipids (16) . Hence, high dietary GL could influence auditory function through its adverse effects on vascular health.
In our cohort, older adults who consumed a higher intake of total carbohydrate at baseline were at increased risk of developing incident hearing loss at follow-up. These data and the association with GL collectively suggest that both the quantity and quality of dietary carbohydrates may play an important role in the pathogenesis of presbycusis. A greater carbohydrate intake, particularly from high-GI foods, may induce a greater insulin demand in the longer term (39) and thus could correlate significantly with worsening auditory function in older persons. 1 Values presented are OR and 95% CI calculated by logistic regression analyses. 2 The GI was energy adjusted. 3 Adjusted for age, sex education, exposure to noisy work environment, family history of hearing loss, smoking, history of stroke, and history of diabetes, and cereal fiber.
Interestingly, when we further adjusted for cereal fiber in the final model, there was no significantly increased risk of developing hearing loss among participants with the highest mean carbohydrate intake. This suggests that the effect of cereal fiber may override the effects of other components of carbohydrates, as previously suggested (40) . Thus, cereal fiber could have a protective effect on hearing function, possibly by improving insulin sensitivity or by reductions in postprandial glycemia. Because these findings could also be due to chance, their replication in other large, prospective studies is needed. We cannot rule out the possibility that some direct underlying mechanism accounts for the relationship between carbohydrate nutrition and hearing loss, which we speculate to be oxidative damage. It is clear that in the aging cochlea there is a considerable reduction of blood supply (41) and an ongoing need for energy generation through oxidative phosphorylation (42) . These 2 processes permit the generation of reactive oxygen species within the cochlea (42) . Further, mitochondrial DNA is exposed to a substantial amount of oxidative damage (42) and presbycusis is linked to certain mitochondrial DNA mutations (43, 44) . Some studies have demonstrated a strong positive association between oxidative damage and sugar intake (45, 46) . Further, normal levels of glycemia have been shown to depress plasma antioxidant capacity (47) , whereas hyperglycemia has been demonstrated to generate oxidative stress (48, 49) . Thus, a mechanistic link between carbohydrate nutrition and hearing loss could involve oxidative damage.
The usefulness of dietary GI in relation to chronic disease is inconsistent and remains controversial (9, 39, 50) . We demonstrate a cross-sectional relationship between dietary GI and hearing loss yet found no temporal link between GI and presbycusis. The nonsignificant temporal association between mean GI and hearing loss could be due to the small numbers of incident cases of hearing loss, with a resultant lack of study power. Other reasons could include potential residual confounding effects. Although we have attempted to adjust for a large number of confounders in our analyses, certain factors (e.g. exposure to noise at work) contain considerable measurement error and may not be adequately adjusted for in the analyses. Similarly, certain lifestyle factors such as not smoking and greater vegetable and fruit consumption may coaggregate with lower GI diets in the BMES cohort. These markers for healthy dietary and lifestyle patterns could have masked the effects of dietary GI on hearing function.
The medical and social costs of presbycusis are immense and given that the number of older adults is expected to more than double by 2030, the burden from this condition will escalate (42, 51) . Hence, it has become imperative to identify and develop potential protective and/or therapeutic approaches to agerelated hearing loss. Our findings suggest a possible strategy to diminish the public burden of presbycusis by encouraging changes in the nutritional status of older adults, specifically, by decreasing the quantity of lower quality carbohydrate intake and increasing the intake of cereal fiber.
The strengths of this study include its well-defined urban population; standardized, audiometric testing to measure hearing sensitivity; use of a validated food questionnaire to collect dietary information; and detailed questionnaires that permitted careful assessment of potential confounding variables. Additionally, study participants were unaware of the study question and our dietary data were collected before detection of 5-y incidence data on hearing loss, reducing indication bias arising from behavioral change after the hearing loss was diagnosed. However, there are some limitations to consider. There is potential for misclassification, because information on dietary intake was collected by self-report. Although random withinperson variation could also attenuate any true association, the FFQ was designed to minimize this error by assessing average long-term dietary intake during the successive follow-up period (39) . These repeated measurements take into account possible changes in diet with time and reduce random variation in reporting. Although the total effects of carbohydrate intake may not be fully depicted by the questionnaire, any measurement errors should be unrelated to the end points due to the longitudinal study design (39) .
In summary, age-related hearing loss is the leading manifestation of hearing loss worldwide (42); hence, preventive approaches to this condition are imperative. Our data suggest that high postprandial glycemia might be a potential underlying biological mechanism for age-related hearing loss. However, to fully elucidate the effects of carbohydrate nutrition on hearing health, high quality, randomized controlled trials of long duration are needed. Future large, longitudinal studies exploring potential links between carbohydrate nutrition and hearing could also contribute to the knowledge needed to develop public health recommendations and strategies concerning nutrients and foods that may be protective in sustaining health of the auditory system. 
